remains as yet unexplained. The mechanisms by which the Hb S or C mutation induces activation (or lack of inactivation) of the (K'CI-) cotransport system could be based on:
(1) the charge difference induced by the amino acid substitution and in this case the effect on the (K'CI-) cotransport should be shared by all variants exhibiting similar increases of their isoelectric point (PI); (2) a specific interaction of the p-6 residues in Hb S or C with the cell membrane. In Hb S and Hb C, there is a loss of the negative charge carried by glutamic acid on the position 6 of the p chain, with the gain of an additional positive charge in the case of Hb C. Hb S and C are known to display a greater binding to the inner side of the RBC membrane than Hb The electrostatic nature of the binding of Hb to band 3 is confirmed by studies showing a decrease of bound Hb with increasing ionic strength or decreasing pH.'2, '3 In the present report we have studied the (K'CI-) cotransport system in erythrocytes containing various p chain variants, which present in a different position from p 6 the charge modification of either Hb C (Hb Siriraj: p 7 Glu-Lys; Hb E: p 26 Glu-Lys; Hb 0-Arab: p 121 Glu-Lys) or Hb S (Hb G-San Jose: p 7 Glu-tGly; Hb D-Punjab or D-Los Angeles: p 121 Glu-Gln). A significant increase in activity of the (K+Cl-) cotransport system was found to be associated only with the mutations located at the p6 or p7 position, indicating that activation of the (K+CI-) cotransport system is not a general property of all positively charged Hb variants, but is associated with the disappearance of a negatively charged residue at a specific location of the A helix of the p chain.
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MATERIALS AND METHODS
The characterization of Hb variants was performed by isoelectrofocusing analysis and structural ~tudies.'~ Most patients were heterozygous for Hb A and the p chain variant, except for patients homozygous for either Hb S, Hb C, or Hb E. A woman with Hb G-San Jose phenotype was also heterozygous for p" thalassemia and the Hb G-San Jose was the only Hb present in great amount in the RBCs. Other subjects studied were: 4 AA control, 3 homozygous for Hb S (SS), 3 homozygous for Hb C (CC), 5 heterozygous for Hb S (AS), 5 heterozygous for Hb C (4 AC; one C/O-Arab),
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OLlVlERl ET AL and 7 patients with f3 thalassemia intermedia. Reticulocyte counts and (K+CI-) cotransport were studied in 3 additional CC, 4 additional SS patients, and in 4 AA controls with increased reticulocyte count due to nonhematologic conditions. Blood was collected in heparinized tubes after obtaining informed consent and processed immediately. Plasma and buRy coat were removed after centrifugation at 1,200g for IO minutes and the cells were washed four times with a choline washing solution (150 mmol/Lcholine chloride, 10 mmol/L tris-MOPS, pH 7.40 at 4"C, 1 mmol/L MgCI,). We studied the effect of pH and osmolarity on ouabain-and bumetanide-resistant K' efflux as described by Brugnara et al. ' .' Briefly, cells were diluted to a final hematocrit (Hct) of 2% with incubation medium. The media contained 140 mmol/L NaCI, 1 mmol/L MgCI,, IO mmol/L glucose, 0.1 mmol/L ouabain, 10 pmol/L bumetanide, and 10 mmol/L tris-MOPS (pH range 6.75 to 8.00). When the osmolarity was decreased, the concentration of NaCl was 100 mmol/L (220 mOsm). Incubation times were 5 and 30 minutes, with triplicate samples. The tubes were cooled in ice for 2 minutes and then spun at 1,200g for 5 minutes at 4°C. The concentration of K' in the supernatant was measured by atomic absorption spectrometry (Varian AA1275; Varian Analytical Instruments, Sunnyvale, CA) using standard for K+ with the same composition as the flux media. K' effluxes were expressed as mmol/L original cell X hour, which is independent of the osmotically induced changes in cell volume.
Net charge difference of Hb contained in the RBCs was calculated from the charge change Glu-Val = +1 and GluLys = +2 for Hb S and C, respectively. For all the other variants, the charge difference was measured from the isoelectric point, determined by elution of the gel fragment after isoelectric focusing and measurement of the pH of this solution. With this method EE cells have a net charge difference from cells containing HB A lower than the theoretical value of 4. For sake of simplicity, we have assumed that in RBCs heterozygous for a certain variant, the variant represents half of the Hb of the RBCs. We have also neglected cell Hb F content and changes in cell Hb concentration.
The error of a single measurement of the volume stimulated flux is the standard deviation of the differences ( ,
/ -) .
If values for multiple patients are presented, or for multiple determinations in a single patient, the fluxvalues are the mean f SD of the various measurements. To compare the volume-stimulated K+ effluxes from AA cells with those from cells containing various Hb variants, Dunnett's t-test was used.ls This method was used to overcome the limitations of the Student'st-test when the number of observations and the degrees of freedom were too low. Because the F test for comparison of the SDs of the various variants and A4 controls did not show significant differences, it was possible to calculate a weighted SD (degrees of freedom = 36) and use the Dunnett's t-test to compare AA and the various variants." RESULTS K' transport mediated by the (K'CI-) cotransport system was estimated as swelling-induced K efflux (difference between K efflux in hypotonic and isotonic medium, 220 and 300 mOsm, respectively) and as acid pH-stimulated K efflux (difference between K efflux at pH 7.0 and 7.40).
The volume-stimulated K efflux was 50% increased in AS For It is well known that the (K'CI-) cotransport system is more active in reticulocytes and young erythrocytes than in dder cells. 4,8,y The relationship between the reticulocyte count and the volume-dependent K efflux was investigated in the various variant phenotypes and in patients with P thalassemia intermedia syndrome. As shown in Fig 4  (upper panel) , the dependence of (K'Cl-) cotransport on reticulocyte count was different in AA cells compared with CC, SS, and RBCs with P thalassemia intermedia. For the last three groups, there was an increase of (K+Cl-) cotransport activity above that seen in normal AA with similar reticulocyte counts. In P thalassemia intermedia, the volumedependent K efflux was significantly correlated with the reticulocyte count (n = 7; r = 39; P < .01). The reticulocyte count was also positively correlated (P < .OS) to (K+CI-) cotransport in AA cells (r = .98) and SS cells ( I = .87).
No correlation was found between (K'Cl-) cotransport of the other variants and reticulocyte count (Fig 4, lower  panel ; n = 11; r = 3 ; not significant).
These data suggest that the mutations present at the P 6 and P 7 positions had a greater effect on the (K+Cl-) cotransport system than the one expected from the increased reticulocyte count.
DISCUSSION
The Hb variants investigated in this report exhibited a charge modification similar to Hb S or C, with substitution of a negatively charged glutamyl residue by a neutral or positive amino acid residue. Consequently, these Hb variants comigrate with Hb S or C on electrophoresis, and when studied by isoelectrofocusing have an isoelectric point close to that of Hb S or C.
The present study shows that two factors play an important role in determining the magnitude of the (K'CI-) cotransport system. One is cell age. In normal AA cells, the (K'CI-) cotransport progressively increased with the reticulocyte count (Fig 4) . RBCs of patients with P-thalassemia intermedia have a higher (K+Cl-) cotransport than normal controls with similar reticulocyte counts. Thus, the increased (K+Cl-) cotransport in @-thalassemia intermedia is not simply due to reticulocytosis and could be the result of the oxidative damage present as a result of the excess of free a chains. The data also indicate that for a given reticulocyte count, (K'Cl-) cotransport is highest in CC RBCs, lower in SS than CC, higher in SS than P-thalassemia intermedia, or AA control. This would suggest that positively charged C and S Hbs are the other important determinants of the RBC (K'CI-) cotransport. The present data indicate that the effect of positively charged Hb is related more specifically to the charge difference present at the P 6 or the P 7 position. Stimulation of (K'Cl-) cotransport was found in Hb variants with charge modifications similar to Hb S or C but located at the P 7 site (G San Jose and Siriraj). In Hb G San Jose, there is a Glu+Gly replacement in P 7. In Hb Siriraj, a greater charge difference is created by the Glu+Lys mutation on P 7. However, Hb Siriraj is slightly unstable and is associated with a small increase in the number of reticulocytes (1.5%). Therefore, For personal use only. on October 30, 2017. by guest www.bloodjournal.org From the presence of young cells could be responsible for the increased K efflux associated with Hb Siriraj.
Compound heterozygotes for Hb S and Hb O'Arab have clinically significant sickle cell disease in contrast to heterozygous AS subjects, who are asymptomatic." The contribution of Hb O'Arab in promoting polymerization and sickling is the consequence of additional contacts in Hb polymers, secondary to the p 121 substitution. Hb O'Arab does not impose increased activation of the (K'CI-) cotransport system (Fig 2) and subsequent increased dehydration of the RBCs in Hb CO cells. Moreover, in Hb A 0 cells, the (K'CI-) cotransport is not increased as compared with AA cells (Fig 1) . This is in contrast to what is seen in Hb SC disease, where cell dehydration induced by the presence of Hb C increases the intracellular Hb S concentration. Hb C has no direct effect on Hb S polymerization and does not contribute more than Hb A to polymer fonnation.16 Consequently, cell dehydration and the activation of the (K'CI-) cotransport system induced by the combined presence of S and C variants is a major factor leading to the clinical expression of the disease.I6"
The cytoplasmic domain of band 3 is a high-affinity binding site for Hb and binds Hb C and Hb S more than Hb A.10 12 The N terminal fragment of this protein is highly negatively charged and can bind electrostatically to the 2,3-diphosphoglycerate (2,3-DPG) binding site of Hb.I8 The glutamic acid residues in p 6 and p 7 are the only negative charges located near the N terminus of the @ chain, which is in the DPG pocket and interacts with the cytoplasmic domain of band 3. It is plausible that the removal of one of the two negative charges and the addition of one positive charge in this positively charged region of the A helix would potentiate the binding of Hb to the cytoplasmic domain of band 3. Such an interaction could explain why positively charged Hb S and C molecules have a greater binding to the membrane than neutral ones. Thus, Hb S and C, which have more positive charges than Hb A at a specific site, could activate the (K'Cl-) cotransport system by direct electrostatic interaction with the membrane. It has been recently shown that the modification of the cytoplasmic domain of band 3 can affect the functional properties of the transmembrane domain.I9 Similar reasoning applies to the activation of the (K'Cl-) cotransport system, even though the location of this system is still unknown. Recently, work by Jennings and Al-RohilZo and Kaji and Tsukitani" has shown that (K'Cl-) cotransport can be inhibited if the RBCs are exposed to phosphatase inhibitors. These investigators have postulated that the activity of the (K'Cl-) cotransport system is determined by the interplay of kinases and phosphatases, with the system being in the resting state when phosphorylated. It will be interesting to determine if the positively charged mutations at p 6 and p 7 act on the (K'CI-) cotransport via this kind of mechanism.
The absence of activation of the (K'CI-) cotransport system in Hb EE phenotype above what is expected from the reticulocyte count demonstrates that the site of the Glu-Lys mutation is crucial for the activation of this transport system. The charge difference in Hb E is identical to that in Hb C. Isoelectric focusing shows nearly the same isoelectric points for the two variants indicating that the charge is not modified by the environment of the mutation site. It can be deduced from the different effect of these two variants on the (K'CI-) cotransport system that the location of the p 26 mutation does not affect this membrane transport system. The p 26 mutation is far away from the DPG pocket and separated from it by negatively charged residues, including p 6 and p 7 glutamate residues.
The present study shows that the increased activity of the ( K T -) cotransport is not a common property of all positively charged Hb variants. The specific location of this charge difference at the p 6 and p 7 location plays a role in the activation of the (K'Cl-) cotransport system and the associated cell dehydration. Negatively charged mutations, on the other hand, do not affect mean erythrocyte volume and density. However, it would be interesting to study the (K'CI-) cotransport system in RBCs containing variants that have a negative charge close to the DPG pocket. For personal use only. on October 30, 2017. by guest www.bloodjournal.org From
